Introduction
Metal contamination is one of the major environmental problems in the world, posing significant risks to ecosystems and human population in abiotic environmental compartments (soil, water, air) and in the related biota (e.g., uptake by fungi and plants).
The primary causes of soil contamination are intensive industrial activities and inadequate waste disposal and treatment (although these categories vary widely across Europe) [1] . Good knowledge of the content and variability of metals in soils linked to both the contribution of parent rock (lithogenic sources) and human activities (anthropogenic sources) is also necessary for evaluating metal pollution. These tasks are particularly difficult to achieve in ancient populated areas, such as the European Mediterranean region, where unpolluted soils are almost impossible to find [2, 3] . Among anthropogenic sources, mining activities are the fourth largest source of land pollution (e.g., 7% of the National Priority (Superfund) Sites in the USA; [4] ). About 2.5 million sites in Europe produce potentially polluting activities [5] . With the help of improved data collection, the number of recorded polluted sites is expected to increase, as are research studies on the topic. Considering present tendencies and laws, contaminated sites will presumably rise by up to 50% by 2025 [5] . Although still at a low rate, there has nonetheless been progress in the remediation of contaminated sites.
Around 59,000 sites have already been remediated. Nonetheless, it should be noted that around 340,000 sites may need urgent remediation [5] . However, conventional technologies for metalcontaminated soil remediation have often been expensive and disruptive [6] .
A good tool for evaluating environmental damage might be the Ecological Risk Assessment (ERA), which is already used in the US [7, 8] and in some countries in the European Union (e.g., Netherlands, [9] and the UK [10] ), while in Italy, it still remains largely unknown. Consequently, threshold contaminant concentration, according to Italian law [11] , is a humanbased risk that lacks consideration in terms of biodiversity and ecosystem services.
Before starting to plan restoration of polluted industrial environments, the 'target condition' should first be assessed. However, the remediation of a contaminated site with all its particular biotic and abiotic characteristics seems unrealistic. Several authors have indicated the lack of data providing detailed characterization of the biotic and abiotic components of environments in a pre-industrial condition and have highlighted that communities did not return to their previous states [12] [13] [14] [15] .
The best approach for preserving or restoring the biodiversity of metal-contaminated environments should be site-specific characterization. For this purpose, the evaluation of the surrounding area's biodiversity, a choice of best reasonable target condition for biotic components and the selection of tolerant organisms occurring on the polluted sites are essential. Among the biotic components of soil, fungi and plants are the pioneer organisms that play a key role in the colonization of contaminated sites.
Biodiversity in metal-contaminated sites
The physicochemical properties of metal-contaminated environments tend to inhibit soilforming processes and affect the area's biodiversity by exerting a strong selective pressure on fungi and plants [16] [17] [18] [19] . Specifically, the bulk metal content of soils and its metal releasability are among the most important edaphic factors determining vegetation composition. Other than metal toxicity, vegetation successions are also retarded by low nutrient status, poorly developed soil structure and water-restricted conditions [20] .
In addition, microorganism communities play a significant part in the detoxification of noxious chemicals and in the control of plant growth [21] , and also provide pivotal information about soil metal bioavailability [22] . Metalliferous biota is increasingly exploited for the stabilization or active remediation of the metal-contaminated ecosystems and represents an important research topic in the contemporary field of green technology [23, 24] .
It is well-known that a number of plants and fungi are able to survive and actively grow in metal-contaminated soils. For instance, recent studies [25] have shown that some arbuscular mycorrhizal fungi from Cu-contaminated soils [Claroideoglomus claroideum (N.C. Schenck and G.S. Sm.) C. Walker and A. Schüßler in association with Imperata condensata Steud. and Rhizophagus irregularis (Błaszk., Wubet, Renker and Buscot) C. Walker and A. Schüßler in association with carrot roots] are able to compartmentalize Cu in spores as a survival strategy in polluted environments. Additionally, microfungi are essential in colonizing and detoxifying metal-contaminated soil ecosystems and consequently have environmental and economic significance [16, [26] [27] [28] .
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Mine dumps cause high selective pressure, enabling bacteria and microfungi to be the first organisms able to re-colonize mine soils [29] . Under this pressure, microfungal communities change their composition and several resistant strains are selected [28] . In addition, plant communities have established a primary succession on mine wastes [30] and can be exploited for biogeochemical prospecting and mine stabilization (e.g., abandoned mines contaminated with arsenic, antimony and tungsten [17] ).
Selecting native fungi and plants for bioremediation
Critical environmental conditions related to high metal concentration are present either in natural soils (e.g., serpentinitic and ultramafic soils; [31, 32 and Fungi and plants from metal-rich soils develop specific strategies to cope with metals via avoidance, accumulation or hyperaccumulation [34] . Care should be taken in choosing the right species for the application of bioremediation techniques, because the introduction of alien fungi and plants may alter and disrupt indigenous ecosystems [35] , or may be unsuitable for local climate conditions [36] . Therefore, a more appropriate option is to find native hyperaccumulator fungi and plants that have adapted to growing on metalliferous sites, and use them for soil bioremediation in the same region [37, 38] .
Bioremediation process consists of two main approaches: 1) myco-and phytostabilization; 2) myco-or phyto-extraction. Myco-and phyto-stabilization are mechanisms that immobilize pollutants -mainly metals -within the root zone, by adsorption, chelation and metal ion precipitation, thus preventing migration of contaminants by erosion, leaching and runoff [39, 40] .
Myco-and phyto-extraction are typically used to uptake metals, metalloids and radionuclides. The metals accumulate in the fruit-bodies or in the plant's aboveground biomass and can be removed or recovered by harvesting and burning the biomass.
Several organisms, including microbes, micro-and macro-fungi, agricultural and vegetable crops, ornamentals and wild metal hyperaccumulating plants have been tested both in laboratory and field conditions for selecting and providing organisms able to clean-up metalliferous substrates [24] .
In fact, recent studies have shown how macrofungi such as Trametes versicolor (L.) Lloyd [41] and microfungi such as Aspergillus niger Tiegh. [42] , A. terreus Thom [43] , A. versicolor (Vuill.) Tirab. [44] , Penicillium notatum Westling [45] , Rhizopus arrhizus A. Fisch. [46] , Trichoderma atroviride P. Karst. [47] , T. viride Pers. [48] are able to absorb Cu from contaminated liquid and solid matrices. Little information is available about the processes occurring at the soil-rhizosphere level. Though roots are the only organ directly interacting with soil trace elements, most of the studies on hyperaccumulation by plants have focused on above-ground organs. Less than 10% of the known hyperaccumulator species have been investigated at the rhizosphere level [55] .
Bacteria and fungi in the hyperaccumulator rhizosphere may exhibit increased metal tolerance by i) acting as a plant growth promoting microorganisms; ii) modifying metal speciation and solubility; iii) influencing plant trace element concentrations [55, [56] [57] [58] .
Fungal species not identified as mycorrhizae have also been found in the hyperaccumulator rhizosphere [59, 60] . The role of these organisms still needs to be established, but some have been identified as able to concentrate and volatilize pollutants [61] . The knowledge about hyperaccumulators and associated microorganisms continuously increases, thus suggesting the significant roles of bacteria and fungi in hyperaccumulation.
Case study -Multidisciplinary investigations on biodiversity into a sulphide-rich waste-rock dump
The present review illustrates the results of a six-year multidisciplinary study aimed at understanding the relationships among the mineralogy and chemistry of the Libiola mine (eastern Liguria, Italy, Fig. 1 ) and the metal uptake by fungi and plants spontaneously growing in the mine-waste dump. The mine is located in a moderately steep mountainous terrain at an altitude between 40 and 400 m asl, close to the Liguria sea coast.
This mine had already been known during the Bronze Age [63] and was industrially exploited from 1864 until 1962. During this period, it produced over 1 Mt of Fe-Cu sulphides with an average grade ranging from 7 to 14 Cu wt%, thus representing one of the most important FeCu sulphide mines [64, 65] in Italy. Sulphide mineralization occurs within the Jurassic ophiolites of the Northern Apennines (Vara supergroup; [66] ) and is geologically characterized primarily by pillow basalts with minor serpentinites, gabbros and ophiolitic breccias. During exploitation, five major waste-rock dumps were built up through the progressive accumulation of heterogeneous sterile rocks (derived from galleries and open-pit excavations) and nonvaluable ore-fragments, with metal concentrations below the economic cut-off produced during beneficiation processes [67] . The soils of the dumps are characterized by severe edaphic conditions due to their peculiar physical (steep slopes, low moisture retainability, impermeabilization due to cementification and hardpan formation; [68] ) and chemical (high Cr-, Cu-, Co-, Ni-and Zn-concentrations, low pH values and the low availability of essential macronutrients) properties. This site presents several environmental problems as a result of active acid mine drainage (AMD) processes, which determines the water acidification and metal pollution of soils and waters. We evaluated the plant and fungal diversity in these contaminated soils in order to 1) identify factors that influenced the pioneer fungi and plants colonizing this stressed environment; 2) identify and select tolerant and hyperaccumulating plants and fungal strains suitable for mine remediation.
The waste-rock materials deposited in the mining area are mainly gravely-sandy sediments with a relatively uniform particle size distribution in the range 2-64 mm; the silt and clay fractions are subordinate components and vary from 5% to 26%. Most of the dumps evidence strong superficial cementation induced by Fe-oxides precipitating from acid sulphate water seepage, which determines the formation of centimetre-thick impermeable hardpans on several parts of the exposed surface of the dumps [67, 68] .
Due to active and widespread AMD processes, the pH of waste-dump soils is generally acidic (3.5-4.3) and significantly low, compared to the surrounding serpentinitic and basaltic soils (6.2-6.8) [30, 69, 68] .
The mineralogical and lithological composition of the waste-rock materials is quite homogeneous throughout the mine area, though the relative proportions of the detected lithotypes and mineral species significantly vary from site to site. The studied samples are mainly composed of polycrystalline rock fragments, which can be grouped into the following lithological classes [65, 67, 68] : 1) serpentinites 20%-50%; 2) basalts 5%-10%; 3) sulphide mineralizations (2%-10%); 4) massive Fe-oxyhydroxides and -oxides clasts (35%-65%). Other subordinate components (3%-6%) are represented by garnet-and epidote-rich rodingites, polygenic ophiolitic breccias and brecciated basalts.
The mineral species occurring within the waste-rock dump [65, 67, 68] can be divided into three major groups on the basis of their origin and/or origin: 1) host rocks and gangue minerals; 2) ore minerals with different degrees of alteration; 3) authigenic secondary minerals. Serpentine minerals (60%-70% of the recognized mineral species) and Fe-oxyhydroxides (mainly goethite) are by far the most abundant species, respectively representing the main rockforming minerals of the lithotypes of the surrounding area and the main authigenic minerals forming as a result of the ongoing AMD processes. Sulphides (mainly pyrite and chalcopyrite) are subordinate but important components from an environmental point of view, either for their role in triggering the AMD processes and/or for the release of metals (particularly Fe, Cu and Zn). Magnetite, Cr-bearing magnetite and chromian spinels are the only Cr-bearing minerals, whereas serpentines are the main Ni-bearing minerals. Nevertheless, they are stable mineral species, even in this highly reactive environment, that likely do not contribute significantly to the bioavailable fraction of toxic metals.
According to the mineralogical and lithological composition, the waste rock dumps of the Libiola mine are invariably characterized by very high concentrations of several potentially toxic metals (such as Ti, Mn, Co, Ni, V, Cr, Cu, Zn and Cd). Although a notable variability is always present and several hot spots have been found (see, for example, Fig. 2) , most of the detected metals (in particular Cr, Cu, Co, Ni and Zn) strongly exceed the Italian limits for residential and industrial sites [11] .
Biodiversity in Ecosystems -Linking Structure and Function 6
Xero-acidophilous plant communities characterize the areas surrounding the mine site. These are different aspects of sclerophyllous evergreen maquis and mixed sclerophyllous evergreen and deciduous shrub thickets The study area is characterized by bare soils or by different successions of plant communities ranging from herbaceous to arboreal layers (Fig. 3) . In all the plots, species richness and vegetation cover were extremely low and the flora showed acidophilous traits [30] . The bare soil is a substrate with an almost complete absence of vegetation ( The shrub layer is mainly located on serpentine debris on the edge of the landfill areas and colonized by semi-natural plant communities dominated by E. spinosa subsp. ligustica, Alyssoides utriculata (L.) Medik., T. caerulescens, Silene paradoxa L., F. robustifolia and H. italicum (Fig. 3C ).
Despite harsh environmental conditions, the waste-rock dump has been progressively colonized since 2008 by several plants of Pinus pinaster Aiton, already found naturally on metal-rich sites, thereby establishing ectomycorrhizal symbiosis (ECM) [72] . The maritime pine populations constituting the tree layer derive from seeds dispersed by the surrounding plants and employed for the revegetation of fired areas (Fig. 3D) . A few herbaceous species such qw D. flexuosa, M. laricifolia subsp. ophiolitica and F. robustifolia are associated with P. pinaster. The absence of the shrub layer in the mine dump and the presence of the tree layer strictly composed of pine is particularly uncommon, and the success of P. pinaster colonization is mainly due to the presence of Scleroderma polyrhizum (J.F. Gmel.) Pers (Fig.  4A) and Telephora terrestris Ehrh. (Fig. 4B ) ectomycorrhizic with pine (see Fig. 4C-D) [69] . Maritime pine is known to be able to cope with some limiting factors such as a low level of macronutrients, a lack of organic matter and water stress, typical of dismissed mining areas [73] such as the one in our study. In addition, we found that P. pinaster is able to completely exclude toxic metals from its tissue (Fig. 5) , thereby acting as a phytostabilizer, as demonstrated by bioaccumulation (i.e., BF = shoot:soil metal concentration) and translocation (i.e., TF = shoot:root metal concentration) factors (BFs>1 and TFs<1, respectively [68] ). Where metal concentrations decrease [30, 68] , plants constitute semi-natural Mediterranean serpentine vegetation, typical to NW Italy [70, 71] (Fig. 6) . The latter was recently confirmed as a new Ni facultative hyperaccumulator, able to concentrate more than 1000 mg kg -1 Ni DW in leaves [74] . Plant efficiency tests were carried out on native soils to evaluate the growing ability and the ecophysiology of this promising species, and recent experiments have confirmed its suitability for phytoextraction (data not shown).
Soil samples collected from the A. utriculata rhizosphere and barren mine soils were examined to determine microfungal flora. On the whole, the majority of isolated colonies belonged to the genus Aspergillus, Botrytis, Clonostachys, Penicillium and Trichoderma (Fig. 7) . Regarding A. utriculata, the rhizosphere were isolated species such as Eurotium amstelodami L. Mangin, Aspergillus carbonarius (Bainier) Thom, A. tubingensis Mosseray, Penicillium waksmanii K.M. Zalessky and Rhodotorula spp. not found in other mine soil samples. We can hypothesize that these microfungi, growing in the hyperaccumulator rhizosphere, may function as plant growth promoting factors altering element solubility and increasing plant metal uptake.
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The ectomychorrizal macrofungi collected reveal a highly significant metal accumulation, in particular Cu>1000 mg kg -1 in Telephora terrestris and Ag>50000 μg kg -1 in Scleroderma polyrhizum. When present in mine sites, these fungi are able to actively absorb most of the potential toxic elements in the sites' basidiomata. The absorption sequence Cu>Zn>Cr>Ni>Co obtained for these macrofungi overlaps well with the sequences obtained using EDTA extractions and water leaching tests [69, 68] . Both species also established ECM symbiosis with pine and we could not exclude that they played a role in the phytostabilization process at the root level.
Finally, we studied soil microfungi to test the growth responses of culturable isolated microfungal strains in copper enriched media and to evaluate their potential use in mycoremediation. The species most recurrent were filamentous microfungi: Trichoderma harzianum, Clonostachys rosea and Aspergillus alliaceus. We hypothesized that these fungi were particularly tolerant/resistant to copper. The Cu tolerance level of T. harzianum and C. rosea were tested in vitro at increasing Cu(II) concentrations. The tests showed a Cu(II)-tolerance capability ranging from 100 to 400 mg L -1 [75] . These preliminary analyses proved that several fungal species were able to grow in Cu-contaminated media, thereby underlying the importance of selecting new Silver, a noble metal of historical and economic importance, also indicated a high concentration in the Libiola mine soil. Even if silver is usually not considered an environmental contaminant, Ag + represents one of the most toxic metals to bacteria, algae and fish [76] , and can damage cellular components and reduce enzymatic activities. Some studies have shown that bacteria, yeasts and macrofungi can accumulate silver; however, the chemical form of Ag in the macrofungal fruit-bodies was not investigated in detail [77, 78, 76] . In this context, we have tested the potential Ag + accumulation by microfungi isolated from the Libiola mine soils. First, we tested the in vitro growth capabilities on Ag + -enriched media by Aspergillus alliaceus, Trichoderma sp., C. rosea in order to select the most tolerant microfungal strain. Trichoderma sp. showed the best and speediest capabilities for growing in vitro on media spiked with 400 mg kg -1 of Ag + , uptaking 150 mg kg -1 dry weight (Fig. 8) , as confirmed by ICP-MS analysis.
The considered contaminated environment chiefly affected the biodiversity of the area and exerted a strong selective pressure on the local flora and mycoflora. These results suggest the use of P. pinaster, A. utriculata, T. terrestris, S. polyrhizum, T. harzianum and C. rosea for developing experimental protocols of bioremediation and habitat restoration for avoiding ecosystem disruption. The study highlighted differences between mineralogy, geochemistry, flora and mycology among strongly polluted selected sites of the Libiola mine, which are key points for future reclamation of the area. In particular, our results evidenced the significant control of soil mineralogy and chemistry on the biodiversity of the mining area, as well as on the capacity of mycoflora and flora to accumulate specific metals. Knowing what the factors are influencing the first colonization by plants and the interaction among plants, fungi and soils, allow us to develop a method for the land restoration of metal polluted sites in a manner that minimizes interventions and costs.
Future perspectives -How to apply what we have learned
Due to the complexity of soil and in-situ conditions, each contaminated site requires its own strategy and site-specific designs for decontamination, especially in Mediterranean areas. Multi-element contaminated soils contain several pollutants; consequently, it is necessary to screen out fungi and plants that can survive on different pollutants simultaneously and to accumulate or stabilize some of them. 
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The use of metal tolerant species adapted to native conditions can assist in balancing the ecological pressure generated by soil pollution. Consequently, it is necessary to evaluate the potential bioremediation of native fungi and plants from contaminated sites before choosing other species suitable for bioremediation.
Phytostabilization may be employed as a temporary solution until new techniques are available. However, for large contaminated sites (e.g., mining or industrial sites), phytostabilization likely represents the best option for ecosystem restoration [79] . Moreover, belowground restoration success involves the employment of native microfungi for developing and improving the soil microbial biomass [80] .
In the joint use of plants and soil microorganisms, plants provide a C source for microorganisms, which absorb, degrade or release elements for plant absorption [81] . The plant allocates most of the metals to their roots so that plant shoots can be more efficient under metal stress [82] . Rhizospheric fungi are able to alleviate the stress of metals on plant growth through soil bioremediation (bioaugmentation) and can sometimes alleviate the unfavourable effects of metal on plant growth by the process of phytostabilization [83] . With the employment of the right soil, microfungi and ECM fungi, we can avoid amendments to soil, thereby improving organic matter and soil-forming processes that are essential for the colonization of pioneer plant species. These species will guarantee the durable, sustainable and ecological restoration of polluted mine sites, thereby increasing soil fertility.
The enormous potential of native fungi and plants that are able to colonize metal-contaminated soils need to be studied in-depth in order to preserve the natural genetic resources of metalliferous habitats and to increase our basic knowledge about the natural adaptation mechanisms of hyperaccumulators in order to employ them in phytoremediation purposes.
